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IRVESTIGATION OF SHOCK DIFFUSERS AT MACH NUMBER 1.85
ITI - MULTIPLE-SBOCK AND CURVED-CONTOUR PROSECTING CCONES

By W. E, Moeckel and J. F. Connors

SUMMARY

Total-pressurs recoveries were obtained with four cons-inlet
combinations at Mach mumber 1.85. The configurations inveatigated .
were as follows: a cone designed to produce three oblique shocks
ahead of the diffuper inlet in combinatlion with s straight and a
curved inlet section; a cone generated by a parabolic arc, alsod
in combination with a curved and a straight inlet section; a cone-
inlet comblcgtion degigned by the method of characteristics to
produce an igentropic entrance flow at an angle of attack of 09;
and a 30° single-shock cone in combination with a perforated inlet
section, The effect of angle of attack was algo investigated for
the isentropic configuration.

Each of thess configurations yielded total-pressure recoverles
greater than those reported in references 1 and 2. A maximum total-
pressure recovery of 0.967 was attained with the isentroplc con-
figuration. For the triple-shock, parabolic-arc, and perforated-
inlet configurations, the maximm recoveriss were 0.954, 0.550,
and 0.954, respectively. At an angle of attack of 50, tho vaximum
total-pressure recovery obtalned with the isentroplc configuration was
reduced to 0.922.

INTRODUCTION

An investigstion of shock diffusers at a Mach number of 1.85
has been conducted in the Cleveland 18- by 18-inch supersonic
tunnel. Results obtained with a shock diffuser having e single
oblique shock ahead of the diffuser inlet are presented in reference 1.
In reference 2 the results obtained with conee designed to produce
two oblique shocks ahead of the inlet sre reported. With the
single-shock cones, a maximum total-pressure recovery of 0,922
wag obltained, whereas with the double-ghock cones the uaximum
recovery was 0.945.

SOETUENTTAL: UNCLASS?F IED
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Because the deceleration of the supersonic airstream to sonic
velocity can be accomplished mors efficlently with a large number
of weak shocks than with one or two relatively intense onog, even
higher total-pressvre.recoveries than those reported in references 1
and 2 can theorek‘cally He obtained by increasing the number of
breaks in the projecting-cone contour and reducing the flow defloe-
tion produced by each bresk. The ideal configuration 1s attzined
when the deceleration 1a produced so cradually that no shocks are
formed in the air entoring the diffuser. The ideal contour of the
progecting cone 1s therefore a smoothly curved surface that pro-
duces an infinite mumber of infinitesimal colmression waves. From
supersonic-flow theory, however, 1t 1s Xmown that such a serlecs of
infinitesimal compression waves tends to convorge and form an
envelore shock through wiich the entlre comwresasion takes nlace
(roference 3). Heonce the contour required for. isentrcplc compres-
-8ion 1s not arbltrary, but must be so designed that the compression
waves converge outside the entering stremm tube. A contour having
{his property may be deslgned by the method of characteristics
(reference 4). Such a contour should decelerate the supersonic
stream wlth no total-pressure loss 1f frictionless flow i1s asswumod.

The problem of decelerating a supersonic stream to aonic
velocity with n8gligidble total-pressure loss thus offers no theo-
retical difficultlies when the flow is docelerated ahead of the
inlet. The extermnal deceleration, however, mey be acctmpanied Py
increaged pressures over the exlermel surfaces of the d&iffusor
. relative to the pressures that would result if the decoleration
wore accomplished internally (as, for example, with a convergent-
channel diffuser). Hence a higher drag may be .expected for shock
diffusers employing external campression relative to that obtainecd
with canvergent-channel diffusors, - Thie sdditional drag must at
least partly caucel the higher thrusts possible with the higher
total-pressure reccverles.

The total-pressure recovery hithsrto obtainable with a

convergent-channel diffuser has been limited by the starting require-

wont that the contraction ratio may not exceed the value roquircd
to accelerate the subsonic velocity behind & normal shock at free-
streem Mach numwber to sonic velocity at tho throat (roference 5).

A greater contraction ratio would reeult in cioking at the throat
and would prevent the normal shock from entering the inlet conse-
quently, the supersonic stream could be brought to subsonic veloci=-
ties only by passing through g rolatively intense normal shock.

This limit to the contraction ratio allowable with a
convergent-chanrel diffuser mey be eliminated by a method proposod

L
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in reference 6. Ths method consiste of allowing scme of the ailr
mess to blesd through perforations drillied. in the convergent channel,
whereas norma>ly the excess air would have to splll around the entrance
lip. Cholting at the throat is thereby avoided. By thils method,

the normal ghock could be brought to the throat of the diffuser

and stabillized there, even when the inlet contractlon ratlo was
large enough to reduce the free-stream flow to sonic veloclity
(reference 6). Hence the total-pressure recoveries obtainsble with
a convergent~chammel diffuser are now theoretlcally as greet as
those obtalnable with external compression. Accompanying the higher
total-pressure recovery possible with the comvergent perforated

inlet is an additional drag due to the mass-flow loss through the
perforations. During operstlon thls mass~flow logs 1s much smaller
then during the gtarting process because the pressure difference
across the holeg after the normal shock has passed them is much

less than when the flow is subsonlc.

The mass-~flow loss through the holes can be reduced by using
the perforatel inlet with a shock diffuser. Reference 6 shows
that the excess mass flow which must be bled through the perfo-
rations during the starting process decresses, as the inlet Mach
number decreases. The presence of a projecting central body
thereiors offérs & mesns of minlmizing the number of perforations
regulired and consequently the mass-flow loss during operation.
The compression waves from the projecting body may be intercepted
by the inlet <o awvoid high extermal pressures and the inlet Mach
number may be reduced to unity by internal conbtraction. The use
of & perforated lnlet with a properly deslgned shock diffuser
may thus provide a means of attalning supersonle diffusion with
negligible total-pressure loss together with a minimum external
drag and mass-flow loss. '

These Improved itypes of supersonic inlet were investigated
with the following four configurations: A, a cone designed to
Produce three oblique shocks ahead of the diffuser inlet; B, a
cone generatsd by a parabolic arc; €, a cone-inlet combination
- designed by the method of characteristics; end D, & 30° single-
shock cone in combinatlon wlth a perforated inlet section. For
each of these conflgurations, the variatlon of total-pressure
recovery with outlet area was determined. The variation of total-
Pressure recovery with tlp projection was determined for conflg-
urations A, B, and C. Configuration D was investigated only
at the tip projection for which the oblique shock just entered the
diffuser inlet. For configuration C, +the effect of angle of
attack was also investigated.



b s NACA RM No. E7F13

SYMBOLS

The following symbols are used in thils report:
Ag free-mtream avea of flow thet enters diffuser
Ao minimum flow area ©f diffuger
Ay outlet area of simulated cambustion chamber
Ae inlet srea of diffuser with central body in place
Aq inlet area of diffuser with central bedy removed
Pp free-stream total pressure
Ph total pressure in simulated combustion chamber
L t1p projection, Inches
X axlal coordinate

Y radlal coordinate

DFESCRIPTICN OF FXPERIMENTAL APPARATUS

The investigatlon was conducted in the Cleveland 18- by 18-inch
supersonic tummel operating at Mach number 1.85. The tunnel was
calibrated by mwasurements of the angles of obligue shocks from
cones and of the total pressures behind normel shocks. The absolute
walues of total pressure and Mach number in the test section
determined by theese measuremsnts aro accursto withln about 2 worcent.
The relative measured total-pressure recoveries reported, howover,
are accurate within about 0.5 percent.

*

Sketches of the four configurstions investigated are shown
in figure 1. Configuration A 1is a triple-shock cone with included
engles of 30° at the tip, 50° after the first break, and 60°
after the second break. Approximate calculations baged on the
flow near the coms surface indicated that this comblnation of
included angles would yleld an optlmm total-pressure recovery.
For configuraticn B, & parabolic arc was passod between the tip
half-angle (10°) and the meximum half-angle (30°). The length
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of the contour wss arbitrarily-set-equal to that of the triple-shock
cone., The inlet sections used with configurstions A and B were
those usged 1n references 1 and 2.

Configuration € was designed by the method of characterilstics
to decelerais the flow to somic veloclity with no tobtal-pressure
loss., An expanded plot of the conbtour coordlnates, together with
the locatlon of a few of the characteristlics, is shown in figure 2,
At the tip of the come, the contour angle was arbitrarily set at 6°.
The total-pressure ratlio across thé oblique shock produced by this
cone angle is very msar 1.00. A reglon beyond the assumed location
of the diffuser inlet was chosen for the convergence of the com-
pression waves. The characterlatics from this reglon were then
computed toward the X-axis. Streamlines were drawn from the cone
tip to point a and from 4 o e. The Mach number at points
a and e wers found to be 1.15 and 1.29, respectively. Point e
was chogen for the location of the entrance lip and the process of
turning the flow parallel to the axis was started at this point.

The only requirement for the contour e +o f was that the com-
pressions sbarting at this contour should not intersect hefore reach-
ing the central body. The cone contour was extended linearly from
e to b, where it intersected the first characteristlic srriving
from e. The curve b-¢ was then drawn in to cancel the com-
pression waves arriving from e-f. The total-flow contraction
ratlo AO/AZ is very close to the isentroplc contraction ratio

for a free-stream Mach number My of 1.85. The ratlo of the Inlet
ares (e-b, fig. 2) to the minimum area 4z is 1.025, which is close
to the isentropic contraction ratio from a Mach number of 1.15 to
unity. From one-dimensional-flow relstions, this contraction ratio
1g small enough to sllow a normsl shock occurring at Macll numbers
greater than 1.19 to enter the diffuser. The average inlet Mach
number according to the calculstions is 1.22

Configuration D (fig. 1) was used to test the principle of
_the perforated inlet (reference 6) with a shock diffuser. The
30° single-shock cone investigated in reference 1 was used in
combingtion with a straight inlet eectlon into which holes were
drilled. The number of holes required was experimentally determined.

The diffuser body and simulated combustion chamber wers those
used in references 1 and 2 (fig. 3). The outlet area of the dif-
fuger was again varied by msans of the conlcal damper located at
the outlet of the simulated combustlon chamber and total and
static pressures at the simulated combustion chamber were measured
with a pitot-static rake located as shown in figure 3(a). The
cone support and the inlets used with configurations A, B, and D
are shown in figures 3(b) to 3(e). For configurstion D, the
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gtralght inlet of figure 3(c) was perforated with a number of hcles
sufficient to allow the normal and oblique shucka Lo enter the dif-
fuser inlet. By trieal it was found that tho sbocks eatersd the dif-
fuser inlet when 50 holes of 0.161-inch diemeter and 15 holes of
3/32-inch diameter had been drilled ahesd of the throat gecticm.

The ratle of hole ares to throat ares was ther 0.45.

For configuration C, a new come .support wze constructed that
was gimilar to the one shown in Pigure 3(b) except that the maxircum
diameter was 1.455 inches instead of 1.290 inches.

RESULTS AND DISCUSSION

Typical inlet-flow patterns. - Schlieren photographs of the _
inlet flow with vach of the four coafigirations are shown in figure 4.
Figures 4(a) and L4{b) show the flow petterns obtained fcr con-
figuration A with the straigki and the curvad inlets, respectively,
for the tip projection and outliet arca for which marimum total-prossure
recovery was obtained. As with the double-shock cones (reference 2),
two oblique shocke ariss mear the first break in the cone contour,
one siightly shead of the break and ome glightly beyond it. This
effect ig attributed to a bridzing of the break by the boundary layer.
At the second breek in +the cona contour; a Fourth oblique shock arises.
With the astraight inlet (fig. #{a)), this shock merges indis-
tinguighably with the tow wave that stands shead of the diffuser
inlet. With the curved inlet (fig. 4(b)}, the bow wave is somewhat
cluser to the inlet and a portion of the fourth obllique shock was
distingulshable 1rr the original negative.

The flow over the parabolic-arc come (configuration B, fig. 1)
is shown in figures 4(c) and 4(d) for the conditions giving the
meximm total-pressure recovery with the straight and curved inlets,
reapectively. The compresslon waves from the cone surface can be
seen to converge ahead of the inlet. The resulting envelope shock
is of -appreciable intensity end, as might be expected, the maximum
total-pressure recoverlss are slightly below those obtained with
configuration A, where each of the shocks is very weak. The
vertical lines from the bow wave to the cone surface are projections
of the bow wave, whereas the wave itself curves toward the intericr
of the diffuser.

The flow over the lsentropic cone (configuration C) for two

outlet areas gt an angle of sttack of 0° and for the optimum outlet
area at an angle of attack of 5° is shown in Figures 4(e), %(f),

c
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and 4(g). A numbor of woak comprcssion wavos may be scon that tond

to converge beyond the inlet, although not so far beyonl the inlet

as the calculations (fig. 2) aggumod. The existonce of visible
compresgsion waves and thelr tendency to coavorge somowhat necarer

the cone surface than prodicted may be atbtributed to bou.dory- -
layor offecis or small machining flawe. In figure 4(g), waich showz the
configuration at an angle of attack of 50, the comoression ripplcs

from the lower svrface ar¢ seen to converge into a discerniblo.

envelopo shock. The bow wave stands ahead of tho inlcht in each

of these three photographs.

An offort was wade to bring the normal shock into the diffuser
in this configuration by perforating tho iniet, but the total-pressure
recovery droppod as the mimber of perforations was incrcascd while
the normal shock remainod ahoad of the inlot. This reosult indicates
that for reasons of stability, the reduction of a supersonic stroam
to subsonic velosity may be impossible without the occurrence of
at least & very weak shock dlscontinulty. Because the normal shock
remained ahead of the inlet, the curvature of the inlet (fiz. 2}
was8 not critical in thils case and served only to force a smcoth
deflection of the subsonic entrance flow. For the condition giving
the best recovery (fig. 4(f)), the normal shock originates an~roxi-
mately at point a of figure 2. _ _ -

: The flow pattern for the 30° single-shock cones with perforated
inlet is shown in figure 4(h). Becmuse the external-flow pattern
remained the same as the outlet ares was varied, schlieren photao-
granns were taken only for +the conditions indicated in the figure.
The obligue shock, as well as the normsl shock, passes lnside the
inlet, and the flow, which in the preceding photographs spllled
around the entrance lip, is here entering the diffuser. . The mass

Tlow through the perforations produces the series of weak otliqus
ghock waves originating on the outer surface of the inlet section.
(Only a few of the perforations gre visible in the schlieraon photo-
graph, fig. 4(k).) The maximum total-pressure recovery obtained with
this configuration was as great as that obtained with configuration A
(the triple~shock cone).

Variation of total-pressure recovery with outlet area. - The.
theoretical varistion of "total-pressure recovery with outlet area
is discussed in references 1 and 2. For configurations A and B
(figs. 5(a) to 5(d)), the variation of total -pressure recovery with
outlet-inlet area ratio is presented for three tip projections for
each of the two inlets used. The term "sunercritical" in these
figures refers to the values of A4 for which the mass flcw remalns
constant as Ay 18 varied. The bterm "subcritical” refers to the
values of A, for vhich variations in A4 affect the mass flcw
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through the diffuser. The tip pro jections for which dsta are prescnted
are optimum, 1/16 inch less than optimnm, and 1/16 inch greater than
optimum. Similsar data are plotted in figure 5(e) for configvration C,
The peaks of the curves for this_conflguration are broader than those
obtained with the other three canes. For configu ation D, data werc
obtained for only %the tip projection at which the oblique Bhock from
the tip passed inside the inlet (fig. 5(f}). The results obtained for
this configuration with the coblique shock outslda and wilth an unperfo-
rated inlet ars nrcssnted in reference 1.

A comparison of the méximum total-pressurs recoveries obtained
with configuratiors A, B, and C Ffor various tip vprojections 1s
presented in figure 6. The maximum total-pressure recovery obtalned
with configuratlion A4 was 0.854 with the curved inlet and 1.945 with
the straight inlet. The maximum thcorctical total-pressure recovery for
this configuration}"based on the shoeck angles at the conc surface,
ig about 0.985, or about 3 percent higher than the expeririental value
nbtained with the curved irlet. In refserence 2 the maximum oxperl-
mental recovery (0.945) was also found ta be about 3 nerccnt below
the theoretical value.

The optimum experimental tip projection for tue triple-shock
cone (fig. 6(a)) was that for which the four obligus shocks passed
Just oulside the entrance lip. For the straight inlet, no internal
contraction sxisted at optimum tip preojection (Ae/ = 1.00)},
whereas for the curved inlet en intermal oxpansion existed
(A /8o =.0.753). Because the entrance Tlow was subeonic (figs. 4(a)
and 4%b)), the curved inlet, which producea a smoother sntrance flow,
yislded a higher total-pressure recovery than the straight inlet.
These results also agree with those obtained with double-shock cones
(reference 2).

For the marabolic-arc cone (fig. 6(b))}, anovroximately equal
maximum recoveries wePe oblained with the straight and curved inlotas
(0.950 and 0.948, rospactively)}. These values are intermediate
between tho maximums sttained with doublo-shock and trisle-sbock concs.

The caone designed to produce.an isentropic entrance flow (config-
uration C, fig. 6(c)) yielded the highest total-pressure recovery
attained during the investigation. This value of 0.967, as with the
double-shock and triple-shock cones, 1is about 3 percent less than the
maximum theoretical wvalue of 1.00. It is therefore reasonable to
assume that about 3 percent of the total-pressure loss was due to the
subsonic portion of the diffuser end that configuration C was In fact
operating with almost no total-preasure loss at an angle of attack
of 0°, At an angle of attack of 5°, the meximum recovery dropped to
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0.922 (fig. 7). With the single-shock and the double-shock cones,
the maximum recoveries at angle of attack of 5° were 0.908 and 0.899,
respectively (references 1 and 2).

Configuration D (30° cone with perforated inlet, fig. 5(d))
produced & maximum recovery of 0.954, which is equal to the maximum
obtalned with the triple-shock cone. Without the perforations, the
maximum recovery attained with this configuration was 0.879 (refer-
ence 1). Hence a gein of over 8 percent in maximum total-pressure
recovery was obtalned by the use of perforations to lncrease the
maximum allowable internal contraction ratio. The total. contraction
ratlo Ai/Az for this configuration was 1.52, which is slightly
greater then the contraction required to decelerate the free stream
to sonic velocity.

For the configurations reported, the distribution of static
and total pressures across the diffuser outlet was similar to the
distributions obtained with single-shock and double-shock cones.
Plots of this distribution are therefore amitted.

SUIMARY OF RESULTS

An Investligation of four shock-diffuser inlet configurations
to determine the total-pressure ratlos obtainable at a Mach number
of 1.85 gave the followling resulte:

1. A cone demigned to produce three oblique shocks ahead of
the inlet ylelded a maximum total-pressure recovery of 0.954 rhen
used in combination with a curved inlet section. TFour cblique
shocks were found to arise from the cone surface, two of tiom near
the first break in the cone contour.

2. A cone generated by a parabolic arc, with a tip half-angle
of 109, yielded a total-pressurs recovery of 0.950. The cmpression
waves from the parabolic contour converged to an envelope shock
ahead of the diffuser inlet.

3. A cone-inlet combination designed by the method of charac-
terlistics to decelerate the flow to sonic vslocity with no total-
Pressure losa gave & maxlmum total-pressure recovery of 0.937 at
0° angle of attack. Nearly all the total-pressure loss may be
attributed to the subsonic portion of the diffuser. At an angle of
attack of 59, the maximum recovery was reduced to 0.922. The flow
over the cone surface wes similar to the computed flow filelid exceph
that the convergence of the compression waves took place sligntly
closer to the cone surface than celculations indicated and several
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compression waves were visible in the flow fleld. Both of these
effescta may be attributed to boundary—layer build-up or small
machining flaws. -

4, A 30° gingle-shock cone in combination with an inlet that
was perforated to allow entry of the normal and oblique shocks
¥ielded a maximum total-pressure recovery of 0,954,

Flight Propulasion Research Laboratory,
National Advisory Comnittes for Aeronautics,
Cleveland, Chioc. ~ - - T - -
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Straight inlet
. Curved inlet —\W

Conf'iguration A,
triple-shock cone

Straight inlet
Curved inlet—mmM 5~

Configuration B,
parabolic-arec cone

Conf'iguration C,

$sentropic cone
and inlet

Perforated straight inlet

Configuration D,
30° cone with
perforated inlet
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Flgure l.- Sketches of configurations investigated showing
reiative locations of cones and inlets at minimum tip
projection. e
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(a) Schematic drawing of diffuser and simulated combustion chamber showing pressure
instrumentation.

Figure 3. - Experimental model.

*“ON W8 VYOWN

€143

v B4




-
< iﬁ%‘%ﬁ%f?ﬁiﬁ'-,?///////,—.rn‘:,..
- . - eI - -

W

‘:utlat for pressure tubes
"

A IR, e

Figure 3.- Concluded.

k2 S
33.6‘%

{¢c) Straight inlet. (&) Gurved Inlet,

Experimental model,

i
.600"13‘4

-3

(e) Perforated stralght

inlet,

NATIONAL ADVISORY
COMMITTEE FOR AERDNAUTICS

8‘p ‘o °ag '5’5

"ON WY YOVN

3




NACA RM No.
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(a)

{c)

Figure 4,

E7FI3

Configuration A; straight
inlet; L, 1.69 inches;
Ag/ Ay, 0.526; P4/ Py,
0.945; angle of ettack,
0°.

NACA
C. 18881
$.27.47

Configuration B; straight
inlet; L, 1.875 inches;
Agl Ay, 0.520; P4/Pq,
0.950; angle of attack,
0°.

(b}

Configuration A; curved
inlet; L, 1.50 inches;

Ag/A;, 0.665; P,/P,,
0.954; angle of attack,
0°.

(d)

- Schiieren photographs of typical

Configuration B; curved

inlet; L, |1.69 inches;
Ag/A;, 0.562; P4/Pq,
0.948; angle of attack,
0.

flow patterns.
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{el} Configuration C; isen-

tropic inlet; L, 1.97
inches; A /A;, l. 157;

P4/ Pqs 0.529; angle of
attack, 0°.

isen~
1.97

Configuration C;
tropic inlet; L,
inches; Ay /A;, 0.687;

P4/Pys 0.918; angle of
.- attack, 5°.

tgl

Figure 4, - Concluded.

{f) Configuration C; isen-
troplc inlet; L, 1.97

inches; A4/Ai, 0.5514;
P4/Pg, 0.964; angle of
attack, 0°.

RACA
C- 18862
$.27.47

(h)

Configuration D; perfor-
ated straight inlet; L,
1.49 inches; A4/Ag,

1.075; Py/Py, 0.668;
angle of attack, 0°.

Schlieren photographs of typical

flow patterns.
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~
{e) Configuration C; isen- {f) Configuration C; isen-~
tropic inlet; i, 1.97 tropic inlet; L, 1.97
inches; A, /A;, 1. 157; inches; A4IAi, 0.551;
P4/Pg, 0.529; angle of P,/Py, 0.964; angle of
attack, 0°. attack, 0°.
-
NACA
C- 18862
S+ 27.47
(g} Configuration C; isen- {h} Configuration D; perfor-
tropic inlet; L, 1.97 ated straight inlet; L,
« inches; A /A;, 0.687; 1. 49 inches; A, /A;,
P4/Pgs 0.918; angle of . 1.075; Pu4f Py, 0.668;
attack, 5°. angle of attack, 0°.

Figure 4. - Concluded. Schilieren photographs of typical
filow patterns.
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Total-pressure recovery, P,/Pg

NACA RM No. E7FI3 C Fig. 7
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